Abstract Recent advances in nuclear cardiology instrumentation have enabled myocardial perfusion imaging (MPI) with improved image quality and faster scan times. These developments also can be exploited to reduce the effective radiation dose to the patient. In this review, we discuss these technologies including new single photon emission computed tomography (SPECT) and positron emission tomography (PET) scanners, as well as novel reconstruction software with regard to their potential for the reduction of the patient radiation dose. New advances in nuclear cardiology instrumentation will allow routine rest/stress MPI imaging with low radiation doses (<5 mSv) and fast imaging times, even by the software-only solutions. It is possible to further reduce the MPI radiation dose to less than 2 to 3 mSv range with standard acquisition times. PET perfusion imaging also can be performed with very low doses especially by the three-dimensional scanners allowing hybrid PET/computed tomographic angiography (CTA) imaging with low overall dose. In addition, stress-only protocols can be utilized to further reduce the radiation dose and the overall test time.
Introduction
The last few years have brought several rapid developments in nuclear cardiology instrumentation, both in scanner hardware and in reconstruction software. The impact of these developments is potentially very significant, since single photon emission computed tomography (SPECT) myocardial perfusion imaging (MPI) is the most commonly used stress imaging approach, with approximately 9 million studies being performed annually in the United States. Traditionally, stress and rest SPECT acquisitions required about 15 min to register a sufficient number of photon events. New instrumentation and accompanying software have now enabled acquisition times as short as 2 min [1•] . These new systems also can be utilized to reduce radiation exposure to the patients during the MPI scan. Although the true relationship of cancer risk to doses in a lower range of radiation exposure (<100 mSv) is unknown since the risk estimates are extrapolated linearly from higher doses [2, 3] , recent media coverage of radiation exposure and discussion of cardiac imaging procedures contributing to hypothetical cancer risk has put cardiac imaging in a spotlight. From the patient's perspective, a radiation exposure, which is "as low as can be reasonably achieved" is certainly desirable. In this article, we briefly summarize recent technical MPI advances including advances in Positron Emission Tomography (PET) and discuss the potential role of these developments in radiation dose reduction.
Advances in SPECT
Hardware Advances
The key characteristic of the new dedicated cardiac imaging systems now available from several instrumentation vendors is significantly increased photon sensitivity. Figure 1 illustrates at least a sevenfold increase in sensitivity for one solid-state system when compared with a standard SPECT system. Similar results are reported for other scanners. The higher sensitivity is primarily achieved by a radical redesign of the collimation. Traditional systems utilizing low-energy high-resolution collimators are only able to detect less than 0.1% of the photon events [4] . The new collimation methods include the multiple pinhole principle and ultra-highsensitivity detectors focusing on the heart. The overall system sensitivity can be further improved by dedicated scanner geometry surrounding the patient, which allows the capture of a higher fraction of the photons than is possible with a general purpose dual or triple-head gamma camera. Optimized scanner geometry may allow simultaneous collections of counts from all directions without camera rotation. Additionally, the traditional, bulky combination of scintillation crystals with photomultiplier tubes has been replaced with solid-state photon detectors (cadmium zinc telluride [CZT] or cesium iodide [CsI] ). The use of solid-state detectors can result in improved energy resolution and consequently less undesirable scatter events [5] .
These new cameras often have a reduced footprint, allow easier patient positioning, and in many cases upright imaging, increasing patient comfort and throughput. Digirad Inc. (Poway, CA) has developed a cardiac Cardius XPO solidstate camera combined with new three-dimensional (3D) iterative reconstruction technology (n-speed). Clinical studies on this system have been reported with less than 5 min imaging time [6] . Spectrum Dynamics (Haifa, Israel) has developed a dedicated cardiac system (D-SPECT) with semi-stationary CZT pixilated detectors, high-sensitivity collimation, and reconstruction optimized specifically for cardiac imaging. To date, several clinical studies have been reported with scan times as short as 2 min [5, 7] . General Electric Healthcare (Milwaukee, WI) has developed a stationary imaging camera based on multi-pinhole collimation, an alternative technique for photon collimation [8] [9] [10] , and CZT detectors [11] including optional CT attenuation correction (AC) [12] . Patients are imaged in a supine position with their arms placed over their heads and prone imaging can be used to aid in the assessment of soft tissue artifact. Several clinical studies have been published on this system with scan times also as short as 2 min [13] .
Software Advances
The new SPECT scanner devices are coupled with improved image reconstruction techniques implemented in software. New reconstruction algorithms include physical modeling of the collimators and detectors, as well as resolution recovery [14] . Most systems now offer compensation for image resolution loss (especially needed for the high-sensitivity collimation) via accelerated iterative reconstruction [15] .
Sophisticated software reconstruction methods also can improve image quality obtained by standard SPECT cameras, which can be exploited to reduce imaging time or radiation dose. The principal advantage of retro-fitting the traditional systems with the new software is significantly lower cost compared with the replacement of the system with a new scanner.
Several imaging vendors have taken this approach. UltraSpect Inc. (Haifa, Israel) has developed the Wide Beam Reconstruction (WBR TM ) algorithm [16, 17] , which models the collimator characteristic. When applied to SPECT projection data from a standard camera, this method has allowed effective time reduction of up to four times [18•] . Siemens (Hoffman Estates, IL) has combined an astigmatic [7] collimator, an optimized organ-of-interest centered acquisition, and a new iterative reconstruction with CT-based AC (on Symbia platform) and energy window-based scatter correction in their IQ•SPECT system [19] . Philips (San Jose, CA) has developed a fast SPECT reconstruction algorithm (Astonish) that includes corrections for photon scatter, photon attenuation, variations in spatial resolution, and allows reduced imaging time. Half-time imaging has been demonstrated to be equivalent to filtered back-projection full time [20] . This system has been approved by the US Food and Drug Administration for equivalent half-dose imaging. Similarly, GE (Milwaukee, WI) has developed the Evolution reconstruction algorithm, which has been applied to halftime imaging in several studies [21] [22] [23] .
Dose Reduction
To date, the new scanners and software technologies have been used in clinical practice primarily to reduce the acquisition times, since fast imaging provides immediate benefits in terms of patient throughput and patient comfort. However, equivalent radiation dose reduction is also possible by performing standard time acquisitions with lower injected doses. Tc studies performed with the new instrumentation and software for the purposes of shortening the acquisition time and specifies hypothetical dose reduction (rightmost column), which could be obtained if standard 15 min acquisitions were used instead.
Nevertheless, in view of the recent sensitivity toward patient radiation dose, a few clinical studies have been conducted to evaluate the new equipment specifically with the reduced-dose protocols [24] . These studies are summarized in Table 2 . Low-dose stress-only protocols allowed the radiation dose as low as 4.2 mSv for a 12.5-mCi 5 min stress-only 99m Tc scan [25] . A low-dose rest-stress 99m Tc protocol has been studied resulting in 5.1-to 6.1-mSv exposure to patients [26, 27•] . Low-dose imaging was also demonstrated on a standard SPECT camera, utilizing an iterative reconstruction technique with standard acquisition times [28] . In another study, the patient dose was reduced to 4.3 mSv for stress/rest protocols when background activity subtraction was applied [29] . In one study, fast 6 min 201 Tl acquisition has been performed with a 2-mCi injected dose [30] , but the potential of the new instrumentation for 201 Tl protocols needs yet to be fully exploited.
One problem with conducting such prospective low-dose studies is that one needs to be conservative in dose reduction since the quality of the images could potentially suffer significantly if the injected dose is too low. From a diagnostic standpoint, this would be especially critical for stress studies. Therefore, at Cedars-Sinai, our group has been gathering preliminary experience in ultra-low-dose technique applied to rest imaging. We have found that it is possible to obtain good quality images with injected doses below 3.5 mCi (resulting in patient doses below 1 mSv) and standard imaging times (10-15 min). In Figure 2 , we show an example of upright and supine rest images of a patient who underwent such ultra-low-dose protocol using a D-SPECT camera. Presumably, stress images acquired at a similar dose level should be of similar quality. In Fig. 3 , we show typical patient doses and their biodistribution for the standard and reduced-dose 99m Tc protocols.
Low-Dose Attenuation Correction
Although still not routinely used at this point [31] , AC has the potential to improve the diagnostic accuracy of cardiac SPECT imaging. It has been shown that AC can be used with stressonly imaging to reduce the imaging time and radiation dose [20] . However, AC can be associated with a small but additional radiation dose, especially if CT is used for this purpose in SPECT/CT scanners. The typical stress and rest dose from such CT AC scans is in the order of 0.3 to 1.3 mSv [32] and therefore it is not negligible when compared with the dose from radioisotopes especially for new low-dose protocols.
To reduce the AC radiation dose, various new designs have been developed for SPECT scanners by equipment vendors. Digirad has developed an integrated system with a 5-μSv effective dose in which photons from the x-ray source are detected by solid-state detectors with a fan beam collimator operating in high counting rate mode [33] . The scan time for the acquisition of the AC maps is 60 s. Another example of new AC technology is BrightView XCT from Philips. The unique flat panel x-ray detector system provides low-dose (0.12-mSv) CT images that can be used for AC of the SPECT data. Although it is not geared exclusively toward nuclear cardiology, it can be used for low-dose AC for MPI studies. Moreover, the attenuation scan of the entire heart volume (14-cm axial field of view) is acquired in a single 60 s rotation with the patient breathing normally. As a result, the attenuation data is averaged over multiple respiratory cycles to match the position of the heart during the SPECT acquisition.
Stress-Only Imaging
MPI radiation dose to the patient can be significantly reduced if the rest scan is not performed. Furthermore, stress-only protocols could improve the overall efficiency of the imaging laboratory, lower the radiation exposure to the laboratory personnel, and enhance patient convenience due to less time needed for the overall test [34] . The improved imaging characteristics of the new scanners can be utilized to obtain the most optimal stress images, possibly reducing the need for rest imaging. The expected frequency of normal stress studies using current appropriateness criteria for the performance of MPI exceeds 50%. There is ample evidence in the literature that when stress images are normal there is no additional prognostic information added by performing the rest study [35] [36] [37] . Furthermore, in the population of patients with suspected coronary artery disease, the rest scan does not add value diagnostically especially when automated tools are used for the analysis [38••] . Similarly, when the stress scan is performed with AC, it has been shown that the visual diagnostic performance is similar to that of a stress-rest scan [20] . Additionally, the accuracy of stress-only imaging can be improved with combined quantitative analysis of stress supine-prone or supine-upright data [38••, 39] . The supineprone/upright studies are performed with one injected stress dose. The requirement of extra time for the supine prone/upright approach may be mitigated by the new fast cameras and reconstruction algorithms [38••] . Stress-only protocols have been also proposed in conjunction with computed tomographic angiography (CTA) imaging for sites that are equipped with CTA scanners. Husmann et al. [40] proposed a low-dose stress-only scan in combination with CTA. The total radiation dose for the MPI and CTA scan was 5.4±0.8 mSv (the dose for the CTA scan was 2.2±0.7 mSv), which is lower than for most current stress/rest MPI protocols.
Advances in PET

Technical Advances
Modern PET/CT scanners from all vendors operate in 3D coincidence detection mode. Specifically for cardiac applications, PET scanners have been recently optimized to cope with high count levels in first-pass 82 Rb imaging for myocardial blood flow measurements [41] and with additional 82 Rb gamma-prompt decays affecting 3D imaging [42] . The system sensitivity of 3D PET scanners is four to six times higher than scanners operating in two-dimensional (2D) mode, at the expense of a higher scatter fraction [43] . Further technical advances include developments of photon time-of-flight methods [44] and new iterative reconstruction techniques based on scanner-specific 3D modeling of system resolution with effective tomographic resolution as low as 2 mm [45] . Preliminary reports have been published demonstrating the application of these improved PET reconstruction methods to cardiac imaging [46] . Further image quality improvements have been Tc rest sestamibi scan of an 83-year-old male patient obtained at Cedars-Sinai Medical Center on D-SPECT scanner. The effective radiation dose for this scan is less than 1 mSv. Both upright and supine images are shown proposed [47] by combining new reconstruction with cardiac motion-frozen techniques to reduce blurring due to cardiac motion [48] .
Although the initial application of the new PET technology was in the field of oncology, 3D acquisition and new software methods offer a potential for dose reduction in cardiac imaging, beyond already very low radiation levels. It should be noted that there is a small additional radiation dose associated with CT AC scans for PET imaging. Unlike in SPECT, AC in PET is mandatory due to the principle of photon coincidence detection. Considering the dose-reducing efforts undertaken by vendors for SPECT-AC (see section above), the PET-CT AC remains relatively dose inefficient. Therefore, further efforts to reduce the radiation dose associated with PET AC are warranted especially in the view of the very low dose incurred from the injection of the PET radiotracers.
Clinical Applications
Although PET MPI imaging is currently not widely utilized compared with SPECT, it offers significant potential advantages because in addition to relative perfusion, it allows measurements of myocardial blood flow and perfusion flow reserve [49] . New PET systems registering the photon events in list mode allow reconstruction of both perfusion and blood flow data from one scan. Due to increased sensitivity of 3D PET, it is possible to obtain high-quality 82 Rb perfusion images at doses as low as 20 mCi [50] . The estimated patient radiation doses have recently been revised down to 3.7 mSv for 82 Rb PET scans obtained on a standard 2D scanner with 80 mCi of total injected dose (stress + rest) by more precise patient-specific calculations [51] . Therefore, the effective radiation dose of stress-rest 82 Rb scans obtained in 3D mode could be further reduced to approximately 1.85 mSv (<1 mSv for stress scan). Similarly, the doses for the other tracers are very low. For example, the radiation dose from a single 3D PET perfusion study is 0.8 mSv for 15 O water and 1 mSv for 13 N ammonia [52] . Furthermore, PET imaging offers true stress (rather than post-stress) functional measurements and allows time-efficient (<30 min) stress-rest protocols [49] .
Analogous to stress-only SPECT MPI imaging, it is also possible to perform stress-only low-dose PET imaging. Kajander et al. [53] demonstrated that the analysis of stress blood flow (rather than myocardial perfusion reserve) from 15 O blood PET scans (at approximate patient dose of 0.85 mSv for stress PET injection) resulted in a per-vessel sensitivity of 95% and specificity of 92%. Further incremental improvement of accuracy was demonstrated when a CTA scan obtained on a hybrid PET/CT scanner was added; however, the CTA scan was associated with a higher effective dose (7.6 mSv). Although 15 O imaging is possible for sites equipped with cyclotron, similar low-dose protocols could be explored for 82 Rb or 13 N imaging. 
Time Versus Dose Reduction
The initial applications of the new cardiac imaging instrumentation were directed toward drastic reduction of scan times with only a few recent studies focusing on dose reduction (Table 2 ). Nevertheless, it should be noted that from a physics point of view, the reduction of time or dose is equivalent. The key parameter determining myocardial perfusion image quality is the number of counts in the myocardium. It is therefore possible to obtain an almost identical ratio of dose reduction instead of time reduction with the new equipment. The improvement in sensitivity of the new systems is in the order of seven to eight times (Fig. 1) . Thus, the dose can theoretically be reduced by the same amount with standard imaging times. Consequently, the results obtained in the studies with reduced imaging times can be extrapolated to the future studies with lower-dose protocols, if a similar count level in the left ventricular myocardium is maintained. In Fig. 4 we show the potential dose-or time-reducing protocols, which could be implemented with new instrumentation. However, there are some possible limitations in the assumption that the same counts in the left ventricle will result in equivalent images. Studies acquired in a shorter time may potentially have less motion artifacts since they are associated with greater patient comfort. Additionally, there could be some dynamic physiologic changes during the longer scan reducing the image quality of the longer scan. Nevertheless, MPI imaging scans with longer acquisition times (15 min or longer) have been performed for the last few decades clinically. Patient motion artifacts as well as the biodistribution of the standard tracers are well understood for these scan durations. Therefore, count-equivalent lower-dose or fast-imaging protocols should be suitable for clinical implementation.
It should be noted that prospective low-dose trials may not be able to determine the most optimal imaging time or imaging dose for a particular scanner since dose reduction in such studies must be conservative. One approach to finding a minimum imaging time or dose more precisely is by retrospective analysis of fulldose full-time data and reconstruction of only a fraction of the counts. Such an approach is facilitated by the list-mode capabilities of the new scanners (for both SPECT and PET). Therefore, especially for the new stationary scanners, it is possible to simulate retrospectively a scan with an arbitrary activity or alternatively duration, from the original full-dose/full-time acquisition data. Using this approach, Herzog et al. [54] have shown by the retrospective list-mode reconstruction that 2 min acquisition time is the most optimal for the GE Healthcare UFC scanner (Fig. 5) . A similar method could be applied to determine the minimal injected dose for a particular scanner or protocol.
The current health care environment will favor technological advances that will be at the same time cost-saving, diagnostically accurate, and mindful of radiation burden from diagnostic imaging. Introduction of the above-described technologies and development of new imaging protocols for MPI have the potential to address all those demands.
Conclusions
Advances in new instrumentation allow routine stress/rest MPI imaging with low radiation doses (<5 mSv) and fast imaging times. It is possible to significantly reduce the radiation dose of stress/rest scans with the new systems to a less than 2-3 mSv with standard acquisition times. Stress-only protocols can be utilized to further reduce the radiation dose and the overall test time. Hybrid stress-only imaging SPECT-CTA or PET-CTA can be potentially performed with low overall dose. PET perfusion imaging can be performed with very low doses Fig. 5 a, Intraclass correlation (r) is used to compare segmental uptake between standard γ-camera (Ventri; GE Healthcare) and ultrafast CZT camera (Discovery NM 530c; GE Healthcare). Correlation coefficient increases with prolonged scan time, but no further improvement appears after scan duration of 3 min is reached for low 99m Tc-tetrofosmin dose (stress scan) and 2 min for high dose (rest scan). Thus, minimally required scan times are 2 min for high dose and 3 min for low dose. b, Diagnostic accuracy of CZT, compared with that of standard camera, increases (and significant differences according to McNemar test disappear) after scan intervals are prolonged to 3 min for low dose (stress) and 2 min for high dose (rest). This indicates solid clinical agreement for the above scan Figure 1 ) [54] especially on the new 3D scanners. Further studies including retrospective simulations are needed to establish the optimal thresholds for minimal dosing and optimal imaging time.
